Bacterial infections are frequent complications in cancer patients. Among them, those caused by multidrug-resistant (MDR) bacteria increase morbidity and mortality mainly because of limited therapeutic options. Current knowledge regarding MDR infections in patients with solid tumors is limited. We assessed the epidemiology and risk factors of increased mortality in these patients. In this retrospective five-year single cohort observational study, we included all oncological patients with MDR infections. Cancer-related parameters, comorbidities, prior use of antibiotics, previous surgical interventions and hospitalization, as well as the use of invasive procedures were investigated as potential risk factors causing adverse outcomes. Seventy-three patients with MDR infection were included: 37% with carbapenem-resistant Klebsiella pneumoniae, 24% with oxacillin-resistant Staphylococcus aureus (MRSA) and 21% with carbapenem-resistant Acinetobacter baumanni. Previous colonization with MDR bacteria was detected in 14% patients, while 20% of the patients presented MDR colonization or infection at ward admission. Mortality during the infection episode was 32%. Duration of hospitalization and CRP were statistically significant risk factors of mortality, whereas administration of guided antibiotics was a protective factor. Knowledge of local epidemiology of MDR bacteria can help physicians promptly identify cancer patients at risk of MDR infections and initiate timely effective empirical antibiotic treatment that can eventually improve the overall therapeutic management.
Introduction
Bacterial infection is one of the most frequent complications in immunosuppressed cancer patients, concerning both solid and hematological malignancies. Nowadays, the extensive spread of multidrug-resistant (MDR) bacteria among humans, animals and environmental reservoirs has created novel unanticipated epidemiological patterns of those bacteria in healthcare facilities [1] .
Materials and Methods

Study Characteristics
This retrospective observational single-center cohort five-year study was conducted in the 25-bed Department of Medical Oncology in Papageorgiou Hospital, Thessaloniki, Greece. The study included patients from 1 January 2013 to 31 December 2017. All cancer patients aged 18 years and older who presented an infection due to MDR bacteria during the study period were included in the study. In case of recurrence of infection after the initial hospital discharge, only the initial episode was analyzed.
Data Collection
Data recordings included demographic data (age and gender), comorbidities (diabetes mellitus, thrombotic events such as stroke or coronary heart disease, heart and renal failure, obesity, hypertension), oncological history (primary location of the disease, existence of metastatic lesions and lines of chemotherapies), surgical intervention during the last 6 months, recent chemotherapy (during the last 15 days) or radiotherapy during the last 30 days, use and category of antibiotics during the last 6 months, hospitalization in the Oncology Department or in other departments of the hospital or other hospitals in the last 6 months, existence of central venous catheter (port-a-cath or PICC (peripherically inserted central catheter), stents, pigtails, drains and stomias, microbiological samples and pathogen(s) isolated (identification and antibiotic susceptibility tests), existence of fever and its duration, the sepsis status at ward admission according to Sepsis-3 criteria [17] , laboratory parameters (the worst values before MDR infection diagnosis) such as hematological (white blood cells, neutropenia) [18] and biochemical ones (urea, creatinine, CRP-C-reactive protein, total proteins and albumin), infection site imaging, colonization with MDR bacteria, empirical antibiotics administered for the analyzed infection episode and their duration, effectiveness of antibiotic treatment, use of guided (or targeted) by antibiotic susceptibility tests antibiotics and their duration, days of hospitalization and outcome of the analyzed infection episode, discharge or death and if death was related to the current infection episode according to the referring physician.
Ethics
The study was conducted in accordance with the Declaration of Helsinki and was approved on 21 December 2018 by the Institutional Review Board (IRB) of the hospital (Number of IRB Decision 307), whereas written informed consent was obtained from all patients alive at the time of the study (after verbal communication and information by phone call). For all other cases (i.e., dead patients), the Institutional Review Board of the hospital waived the need for patient consent, since this was a retrospective non-interventional study that reported only aggregated fully-anonymized data, and no financial conflict of interest for the hospital, patients' insurance or the researchers existed. All data collected during this study were kept confidential.
Study Outcomes
We aimed to describe the clinical characteristics of all patients with MDR infections during the five-year study period and to present mortality with its associated predictors.
Definitions
Patients were considered to have an MDR infection if they had at least one positive for MDR pathogen clinical sample, and if clinical, laboratory and/or imaging data indicated infection and/or if diagnosis of infection was recorded in the patient's records. Bacteria were considered MDR if they were resistant (or with intermediate susceptibility) to at least three of the following antibiotic classes: piperacillin/tazobactam, cephalosporins (ceftriaxone, ceftazidime, cefepime), carbapenems (imipenem/meropenem), monobactams, aminoglycosides (gentamicin, amikacin) and/or fluoroquinolones, regarding Enterobacteriacae, Klebsiella pneumoniae, Acinetobacter baumannii and Pseudomonas aeruginosa, and if they were resistant to vancomycin for Enterococcus faecium, and resistant to oxacillin for Staphylococcus aureus (MRSA) [19] .
Colonization with multidrug-resistant bacteria was defined as at least one culture of nasal swab positive for MRSA or at least one culture of rectal swab positive for the rest of the MDR bacteria as defined above. Swabs were collected for colonization screening and not for the diagnosis of infection. Colonization cultures were usually collected at ward admission (within the first 48 h) in order to detect admitted MDR-colonized patients according to the Hospital Infection Control Unit guideline or later at any time during hospitalization for the studied episode.
Microbial identification was performed using commercially available panels (Vitek II, Biomerieux, Paris, France) and standard biochemical and/or enzymatic tests. Antibiotic susceptibility was tested using the microdilution method following the Clinical Laboratory Standard Institute (CLSI) guidelines [20] .
Fever was considered if oral temperature ≥38.3 • C (101 • F) or was above 38.0 • C (100.4 • F) for at least 1 h. Neutropenia was defined as an absolute neutrophil count ≤500 neutrophils/µL. Empirical antibiotic regimen was regarded in case of antibiotic treatment before microbiology results were available and communicated to physicians. Antibiotic regimens were considered guided if they were prescribed after the notification of the antibiotic susceptibility tests. Effective empirical antibiotic treatment was defined as the regimen including at least one antibiotic with in vitro activity against the isolated MDR pathogen, according to the antibiotic susceptibility tests.
Mortality as study outcome was defined as death within the hospital stay for the studied infection episode.
Statistical Analysis
Data were analyzed using the R studio 1.1.442 program. Considering descriptive statistics, mean and standard deviation were used for quantitative continuous variables that were parametric (with normal distribution, checked by Shapiro test, boxplots and histograms), whereas median and interquartile ranges were used for non-parametric continuous variables. We analyzed risk factors associated with mortality using univariate and multivariate logistic regression analyses. In the univariate analysis, odds ratio (OR) and 95% confidence interval (CI) were calculated. A p-value of < 0.05 was considered statistically significant. Variables with low p-values, as well as those with clinical significance indicated by current scientific reports despite their higher calculated p-value, were analyzed in multivariate analysis. Logistic regression model was used for multivariate analysis.
Results
Demographical Data, Comorbidities and Cancer-Related Data
Seventy three oncological patients suffered from infections due to multidrug-resistant bacteria during the study period.
Patients' clinical characteristics are described in Table 1 . Among the patients, 39 (53%) were males and 34 (47%) females. Diabetes mellitus, smoking, thrombosis, hypertension and heart and renal failure were found in 13 (18%), 37 (51%), 3 (5%), 42 (58%), 1 (1%) and 19 (26%) patients, respectively. The most frequent diagnoses were bladder cancer in 10 (14%) patients, lung cancer in 9 (13%), colon cancer in 11 (15%), uterine carcinoma in 8 (11%) and breast cancer in 8 (10%) patients. Among the patients, 71 (97%) had metastatic disease, 12 (17%) had received radiotherapy during the last 30 days, 18 (26%) had recent surgical intervention in the last 6 months and 28 (38%) had received chemotherapy in the last 2 weeks before the patients' admission in the Oncology department. Only 3 out of 73 patients had never received chemotherapy; the great majority of the patients had a performance status greater than 2. Twenty five (34%) patients had a central venous catheter (either a port-a-cath or a PICC), 13 (18%) had a stent and 23 (32%) a stomia. 
Infection-Related Data
Thirty seven out of 73 (51%) patients had fever during the recorded episode and 10 (14%) presented neutropenia. Most of the patients (50, 69%) had received antibiotics and 55 (74%) had prior hospitalization in the last 6 months. Seventeen (23%) patients were considered septic upon admission. Mean duration of hospitalization for the infection episode was 17.4 days (range 1-63). Death was recorded in 23 (32%) patients, in 22 of them it was considered as infection-related (Table 2) . Death occurred in 10.52 days (mean, range 0-32) since MDR infection diagnosis. 
Microbiological Results
Multidrug-resistant bacteria were recovered as follows: 27 (37%) patients had infection due to MDR K. pneumoniae, 17 (24%) due to MRSA, 15 (21%) due to MDR A. baumannii, 4 (5%) due to MDR P. aeruginosa, 3 (4%) due to MDR E. coli and 2 (3%) due to vancomycin-resistant E. faecium. In 5 (6%) patients, the implicated MDR bacteria were more than two ( Table 2) .
Twenty-one (29%) patients had bacteremia, 10 (14%) had positive sputum culture, 27 (37%) had positive urine culture, 4 (5%) had positive trauma fluid culture, 6 (8%) had positive ascites culture, 4 (6%) had central venous catheter tip positive culture and 1 (1%) had positive pleural fluid culture ( Table 2 ). For 16 (22%) patients, the referring physician's infection diagnosis was based not only on clinical and microbiological results, but also on imaging; computed tomography was the most common form of imaging (10 patients, 14%).
Ten (14%) patients were colonized with MDR bacteria prior to infection diagnosis and 15 (20%) were colonized or infected with MDR pathogens at the time of ward admission (admitted cases). Fifty (69%) patients had received empirical antibiotic treatment, which was effective in 10 (13%) patients. Thirty-three (47%) patients had received antibiotics, guided (and considered effective) by antibiotic susceptibility tests.
Univariate and Multivariate Analysis
In univariate analysis, white blood cells, C-reactive protein (CRP) and days of hospitalization for the analyzed episode increased the risk of death (OR:0.999, p 0.003; OR: 0.940, p 0.020; OR:0.956, p 0.023, respectively), while sepsis and guided antibiotics were protective factors (OR:0.022, p < 0.001 and OR: 0.225, p 0.006, respectively). Neither cancer-related parameters, nor comorbidities, interventions and procedures or previous hospitalization reached statistical significance (Table 3) . Because of the low number of events in the studied cohort (23 deaths), we tested multiple models in the multivariate analysis. In every model, two variables were analyzed (Table S1 ). CRP and duration of hospitalization were significantly associated with adverse outcome (OR: 0.933, 95%CI: 0.877-0.983, p = 0.016; OR: 0.959, 95%CI: 0.919-0.996, p = 0.036, respectively). Administration of antibiotics according to antibiotic susceptibility tests was found to significantly increase the probability of survival (OR: 0.198, 95% CI: 0.062-0.579, p = 0.004). Effective empirical antibiotics showed a trend for a protective effect, without, however, statistical significance (OR: 0.281, 95%CI: 0.068-0.956, p = 0.056) ( Table 4 ). 
Discussion
We aimed to define current epidemiology of MDR infections in cancer patients and to identify risk factors of adverse outcomes in the era of growing evidence for hospital-wide spread of these bacteria in many countries and continents. This is one of the few studies concerning MDR infections in cancer patients, not obligatory neutropenic or septic. We showed that the difficulties in treatment of MDR infections and the easy spread of those bacteria concern not only typical patient populations, such as critically ill patients in Intensive Care Unit (ICU) settings, but, also, oncological patients that, until recently, were considered a patient population of little concern for MDR infection.
In our cohort, multidrug resistant K. pneumoniae, A. baumannii and to a lesser extent P. aeruginosa, as well as MRSA, caused infections with considerable mortality and, most importantly, did so in patients without neutropenia or sepsis, which represents an alarming issue. Guided and, by definition, effective antibiotics significantly decreased mortality, while length of hospital stay and CRP were independent risk factors of adverse outcome.
Multidrug resistant A. baumannii and K. pneumoniae were the most prevalent pathogens in the present cohort of cancer patients, as is the case in other hospital settings and countries [1] [2] [3] 10, 21, 22] . MRSA represented an important part of the infection episodes, while vancomycin-resistant E. faecium was rarely isolated, similarly to other reports with a predominance of MDR Gram-negative bacteria over MRSA or VRE in the general patient population or in immunocompromised patients [6, 8, 23, 24] .
A considerable fatality rate of 32% was observed among the analyzed patients and death was infection-related in 30% of cases. Marin et al. reported a comparable fatality rate of 32% in a cohort of 489 cancer patients with bacteremia, with the majority of the cases being non-neutropenic [8] . According to their results, MDR bacteria were isolated in 13% of the patients and 39.2% overall 30-day mortality was recorded, higher than the entire cohort (32%) [8] . In 2015, Freire et al. presented 83 infections due to carbapenem-resistant K.pneumoniae in patients with solid malignancies (13% with neutropenia); mortality reached 57.8% for all infections and exceeded 70% for bacteremia cases [2] . In a case-control study including both solid and hematological malignancies, Fukuta et al. presented fatality rates up to 41.9% for cancer patients with MDR A. baumannii infections [3] .
Factors associated with increased fatality rates in our patients were CRP and duration of hospitalization, while guided antibiotics during hospitalization for the infection episode decreased mortality. Effective empirical antibiotics presented a trend for statistical significance without reaching it, possibly due to the limited number of analyzed events (23 fatal cases). Variables related to comorbidities, cancer stage and relevant therapies, interventions, catheters or sepsis stage were not risk factors of increased mortality. Contrasting our results, Marin et al. identified cancer-and sepsis-related factors as independent risk factors for the overall case-fatality rate in patients with solid tumors and bacteremia [25] . A protective effect of appropriate antibiotics against carbapenem-resistant K. pneumoniae infections in cancer patients (88% without neutropenia) was shown in the study by Freire et al., along with an increased fatality rate significantly associated with sequential organ failure assessment (SOFA) score, along with the need for ICU stay after the diagnosis of infection and acute kidney injury [2] . Similarly to our cohort, ineffective antibiotics against MDR A. baumannii bacteremia in cancer patients significantly increased the likelihood of death occurrence in a retrospective analysis of 95 patients, along with carbapenem resistance, septic shock and pneumonia as the source of bacteremia [15] .
CRP was significantly associated with fatal outcomes in our cases, a finding that has not been reported previously to the best of our knowledge. CRP is commonly considered as a prognostic marker of severity related to cancer stage, severity of infection or both. In contrast to our results, Lee et al. found that in cancer patients admitted to the Emergency Department with febrile neutropenia, CRP, among other potential predictors (lower blood pressure, platelet count, quick sequential (sepsis-related) organ failure assessment (qSOFA) score) failed to accurately predict ICU admission or in-hospital mortality [26] .
In the present study, duration of hospitalization increased the risk of fatal events, possibly reflecting the severity of the infection episode or the prolonged exposure of the patient to healthcare-associated risks, such as MDR bacteria acquisition, invasive procedures or drug-adverse events, as is the case in other healthcare-associated infections (ventilator-associated pneumonia, central catheter-related infection, urinary tract infection, etc.). This finding needs further evaluation before conclusions are reached.
Empirical antibiotic treatment was initiated in 69% of the patients, although only 14% and 23% presented neutropenia or sepsis, respectively, which is in accordance with existing guidelines [11, 13] . Forty-seven percent of the patients received guided, and so, effective antibiotics nevertheless, only 13% of the patients received effective empirical antibiotic regimens. One possible explanation is that guidelines and proposed algorithms for empirical treatment at the time the study patients were hospitalized did not take into consideration MDR infections in non-neutropenic, non-septic patients (as was the majority of our cohort) [11] . Similarly to our findings, Marin et al. reported inadequate empirical antibiotic therapy for 23% of cancer bacteremic patients, with a higher proportion in those with MDR strains (69%) [8] .
Fourteen percent of our patients had previous MDR colonization, which could have possibly increased the risk of MDR infection. In a recent systematic review and meta-analysis, Alevizakos et al. reported high colonization rates with extended-spectrum β-lactamase-producing Enterobacteriaceae (ESBL-PE) among patients with solid or haematological malignancy (one in five patients with cancer was colonized with ESBL-PE), and this increases the risk of bacteremia with the same pathogen and created important reservoirs for horizontal spread between oncological hospitalized patients [27] .
One of the strengths of the study is the important number of risk factors investigated. We searched meticulously among demographical data and comorbidities, cancer-related conditions, invasive procedures, infection-related variables and antibiotic treatment parameters (empirical and guided, effective and non-effective) to identify variables potentially influencing patients' outcomes. The study represents one of the few research works on MDR infections in oncological patients and, to our knowledge, the first one in the Greek territory. Furthermore, the retrospective design allowed us to accurately estimate the diagnosis of infection and choose appropriately the eligible cases, as well as, to search widely over an extended period for the most relevant to MDR infection parameters, without interfering with treatment parameters.
The study has several limitations: it was a single-center retrospective data collection and the sample size was not adequately powered to detect all potential risk factors of mortality. Moreover, the impact of the kinetics of CRP on patient's outcome was not explored. Because of the retrospective design of the study, we did not have CRP follow-up values at predefined time-intervals for all patients (only as prescribed by referring physicians), as such, the real influence of this parameter on outcome could not be accurately estimated.
Conclusions
Contemporary microbial patterns in oncological patients have evolved towards multidrug resistance. Infections due to MDR bacteria can negatively affect patients' outcome.
Taken for granted the current threat of multidrug resistance, risk assessment for MDR infection is imperative for every cancer patient, and, if suspicion exists, prompt initiation of effective antibiotics seems to be a beneficial approach for the patient's outcome.
There is an unmet need for surveillance of MDR bacteria, for effective antimicrobial regimens combined with antibiotic stewardship programs and for wide implementation of infection control measures in Oncology departments.
